Abstract: A reflective sandwiched polarizing beam splitter (PBS) grating with a connecting layer in Littrow mounting is described and designed in this paper. By using two-beaminterference theory for a modal method, a duty cycle and a period of grating can be calculated, where the first order is well suppressed for transverse magnetic (TM) polarization. In addition, the grating groove depth can be roughly evaluated, in which the zeroth order is well restrained for transverse electric (TE) polarization. By using numerical optimization for rigorous coupled-wave analysis, some of exact parameters of grating are obtained. On the basis of the precise numerical results, the diffraction efficiencies in the first order and in the zeroth order for TE polarization and TM polarization are enhanced, respectively. Most importantly, compared to the reported surface-relief reflective PBS gratings, the grating extinction ratio and incident spectrum band width can be improved greatly. Therefore, this highly efficient PBS wideband grating with high extinction ratio would become excellent optical diffraction device.
Introduction
Diffractive multilayer gratings are extensively applied in solar energy conversion [1] , slow-light chips, switches [2] , and vertical couplers [3] . A polarizing beam splitter (PBS) is an extremely important optical member, which can contribute to optical couplers [4] , [5] , spatial light modulations [6] , chipscale technology [7] , quantum entanglement systems [8] , telecommunication, displays, spatial-light modulators, and polarimetry [9] . In the current form of metasurface holography, a 1-D metasurface technique can be formed, which was based on the ideal polarized beam splitter metallic nanowire gratings [10] . By using a subwavelength thin-film Si grating to achieve a polarizing beam splitter, the large power efficiency and polarization extinction ratio are increased [11] . A high reflective mirror with the higher refractive index can be used in the reflective PBS grating, where the metal absorption status can be omitted [12] , [13] . Bi et al. have presented a transmission fused-silica PBS grating, which can accomplish the performances of high efficiency and the wide spectral bandwidths [14] . Zheng et al. have reported a surface-relief reflective polarizing beam splitter grating with improvement needed of the extinction ratio of 39.9 dB and the spectral bandwidths of 110 nm and 74 nm [15] . In order to analyze the physical fundamental of the propagating theory in grating, the modal method provides the unambiguous explanation for not only surface-relief grating but also sandwiched grating [16] - [19] . Although modal method can provide the relative explanation, it can not calculate the precise grating parameters. Therefore, a vector method of rigorous coupled-wave analysis (RCWA) can calculate exact parameters of grating [20] , [21] . For all we know, no one has proposed and studied a novel sandwiched reflective PBS grating with a connecting layer under Littrow mounting by using modal method and RCWA.
In this paper, we have proposed a sandwiched metal-dielectric PBS grating with a connecting layer. However, the design of sandwiched connecting-layer-based PBS grating is different from previous work [15] , and the grating is feasible to fabricate. On the one hand, in order to obtain the high-efficiency grating, a cover layer embedded in fused silica for grating is very useful. Clausnitzer et al. [19] have theoretically analyzed the transmission grating with a cover layer can realize the suppression of the Fresnel reflection loss at the grating-air interfaces and nearly 100% transmission efficiency. On the other hand, grating with a cover layer has advantage of keeping the grating surface clean. In this paper, a high-efficiency, high-extinction-ratio, broadband sandwiched grating with a connecting layer is obtained. In order to exhibit the good performances of the grating with a cover layer, a sandwiched grating is required to be fabricated. Clausnitzer et al. [22] have experimentally fabricated a transmission grating with a cover layer. Moreover, the fabrication process has been described as follows: A covering fused silica and grating can be cleaned under the high-pressure condition, the grating surface and cover-layer surface can be activated by oxygen plasma, and both objects can be contacted under a 5 kg weight at 100°C for three days. In our design, we can use a metal slab to achieve a reflective device. To be the different from the transmission grating with a cover layer, a cover layer in the sandwiched reflective grating can implement two processes of the Fresnel loss suppressed. The first process can take place in the air-grating region and the second process may take place in the grating-air region. Therefore, the PBS reflective grating with a cover layer can realize high efficiency and high extinction ratio. For the purpose of fabricating such grating with a cover layer, the encapsulation process is similar to the description in [22] . TE polarization in the 0th order and TM polarization in the -1st order are well eliminated simultaneously. Although the presented sandwiched PBS grating can have merits of high extinction ratio, high efficiencies and broad spectral bandwidths, the practical fabrication process is complex. In fact, there is another effective design that can reduce the complexity of fabrication. In this fabrication process, a lower index material (polymer or gel) can be used to fill the air hole and planerize the surface [23] , then the fused-silica cover layer can be added. Moreover, the high extinction ratio and broad spectral bandwidth can also be obtained by using such a design method based on the RCWA and modal method. Therefore, such the method would be very helpful for designing the prospective multilayer PBS gratings. In addition, the high extinction ratio and wide spectral bandwidths are investigated for two polarizations.
Analysis and Optimization
Fig. 1 reveals a schematic diagram of the reflective sandwiched metal-dielectric PBS grating. The grating parameters include that period of d and depth of h g and the connecting layer thickness of h c . Furthermore, duty cycle of f is specified as the ratio of b to d. An Ag slab is coated on the substrate of grating with h m = 0.1 μm and refractive index of n 3 = 0.469 − 9.32i . Except for the metal slab, the other grating materials are all fused silica with refractive index of n 2 = 1.45. A plane wave irradiates the grating in the Littrow mounting, where the wavelength and Littrow angle can be expressed by λ and θ = sin −1 (λ/2n 2 d), respectively. According to the modal approach, the PBS grating can achieve the good splitting performance of the high efficiencies for two polarizations, where splitting effect can be discussed based on the physical theoretical process. Based on two-beam-interference physical mechanism, the phase differences for both polarizations are accumulated. Hence, the diffraction efficiencies are determined by phase differences, which are denoted by [15] 
Equation (2) shows the diffraction efficiency in the -1st order for TE polarization based on the modal method. In (2), when the phase difference meets the odd-numbered of π, the efficiency in the -1st order can reach to the maximum value.
Equation (3) shows the diffraction efficiency in the 0th order for TE polarization based on the modal method. In (3), the phase difference is odd-numbered of π, the efficiency in the 0th order is the minimum value
Equation (5) shows the diffraction efficiency in the 0th order for TM polarization based on modal method. In (5), when the phase difference can reach to the even-numbered of π, diffraction efficiency in the 0th order can realize the maximum
Equation (6) shows the diffraction efficiency in the -1st order for TM polarization on account of modal method. In (6) , phase difference between the two grating modes can be accumulated the even-numbered of π, efficiency in the -1st order can reach to its minimum. m and n are the arbitrary integers, n Ty ke f f being the kth effective indices of Ty polarization. For easy fabrication, the m and n are set as 0. Therefore, the high-efficiency property may be obtained, which is determined by the following condition for TM polarization [15] :
In this paper, n 1 = 1, the duty cycle is assumed to be 0.4; therefore, (7) can be solved, where the grating period is equal to 947 nm. The incident light is coupled to the two grating modes in ridge of grating, the propagation of the modes can be determined by the effective indices. Thus, the effective indices are gained for the eigenfunction [18] :
for TE polarization, and
for TM polarization, where
By solving the above eigenfunctions, for TE polarization, n 0 e f f is 1.067, and n 1 e f f is equal to 0.671. For TM polarization, n 0 e f f and n 1 e f f are both equal to 0.823. On account of modal method, the depth of grating can be roughly estimated. Simultaneous of above equations, the grating depth can be worked out that the depth of h g is 0.98 μm. Thus, the estimated value of the PBS grating depth is proved to be a good guideline to design an excellent sandwiched reflective connectinglayer-based PBS grating.
During the process of the numerical optimization, RCWA can be utilized to solve Maxwell's equations to obtain the reflective efficiencies. In this design, extinction ratio needs to be taken into consideration. The definition of the extinction ratio can be indicated as [18] C 0 and C −1 can be in the units of dB. Fig. 2 indicates extinction ratio versus the grating groove depth and the thickness of the connecting layer for a working wavelength of 1550 nm. In Fig. 2 , the optimum values of depth and thickness are reached to 0.95 μm and 0.47 μm, respectively. Based on the optimal grating profile, a high extinction ratio of C is 46.8 dB. Although the highest extinction ratio may be obtained with the optimum parameters of grating, high extinction ratios are obtained in the slant middle region with 0.87 μm < h g < 1.00 μm and 0.43 μm < h c < 0.54 μm, where the extinction ratios can be over than 30 dB. Fig. 3 depicts the reflective efficiencies in the -1st order and the 0th order versus groove depth and the thickness for TE polarization and TM polarization, respectively with working wavelength of 1550 nm. In Fig. 3 , the TE-polarized light is mainly diffracted in the -1st order, in which high efficiency in the -1st order is 97.9%, reflective high efficiency of the 0th order is 96.5% for TM-polarized light.
Etching Tolerance and Incident Performance
In the course of manufacturing etching procedure, the fabrication tolerance ought to be considered for reducing the etching error. Fig. 4(a) and (b) show reflective efficiency versus grating duty cycle and wavelength with the optimum depth and thickness under Littrow mounting for TE-polarized light and TM-polarized light, respectively. Fig. 4(c) shows the extinction ratio versus duty cycle for the working wavelength of 1550 nm. In Fig. 4(a) and (b) , with the purpose of investigating the influence of grating geometries on the bandwidth of the reflective response, this grating duty cycle is necessary for considering, which could be a practical way to realize broad spectral bandwidth. In the overlap closed curve, reflective efficiencies more than 95% are obtained in wavelength range of 1335-1612 nm for two polarizations, efficiencies in the -1st order for TE polarization and the 0th order for TM polarization can be more than 95% over the duty cycle range of 0.24-0.51 and the polarization-independent performance can be shown. In the design, based on the optimal grating wavelength of 1550 nm, the reflective efficiency in the -1st order is much more than 95% with 0.30 < f < 0.54 for TE polarization in Littrow mounting. For TM polarization, efficiency more than 95% in the 0th order with 0.34 < f < 0.48 can be obtained at wavelength of 1550 nm. As shown in Fig. 4(c) , extinction ratio larger than 20 dB with 0.35 < f < 0.46 and 0.33 < f < 0.51 can be acquired for TE-polarized light and TM-polarized light, respectively. Fig. 5 shows efficiency and extinction ratio versus incident wavelength. In Fig. 5(a) , efficiencies in the -1st order for TE-polarized light and the 0th order for TM-polarized light are better than 95% within wide spectral band range of 1354-1601 nm and 1347-1606 nm, respectively. In Fig. 5(b) , extinction ratio is greater than 20 dB within a wide spectral bandwidth scope of 1362-1599 nm for the TE-polarized light. Extinction ratio is bigger than 20 dB over a wide spectral band range of 1374-1580 nm for TM-polarized light. Fig. 6(a) and (b) show diffraction efficiency versus the incident angle and wavelength with duty cycle of 0.4 for TE-and TM-polarized light, respectively. Fig. 6(c) shows extinction ratio versus incident angle with a working wavelength of 1550 nm. In Fig. 6(a) and (b) , an incident angle-dependent response of the grating within a wide spectrum is obtained. Efficiencies in the -1st order for 
Conclusions
In conclusion, a sandwiched metal-dielectric PBS grating is designed. A modal analysis is used for analyzing the diffraction characteristic and evaluating the grating parameters in such the sandwiched PBS grating. Based on the RCWA, the exact groove depth and thickness of connecting layer are obtained, the exact grating groove depth is close to the predicted grating depth for modal method. With optimal profile of the grating, efficiencies in the -1st order for TE-polarized light and the 0th order for TM-polarized light corresponding to 97.9% and 96.5% are obtained, respectively, which are more than efficiencies of the reported surface-relief PBS grating with a metal mirror [12] . On the one hand, compared with the extinction ratios of 39.9 dB [15] and 27.8 dB [12] , the extinction ratio of C = 46.8 dB has improved greatly. On the other hand, such the reflective sandwiched PBS grating has superiority of wide incident spectral widths of 247 nm and 206 nm, which are far more than reported widths of 110 nm and 74 nm, respectively [15] . Thus, with the advantages of high efficiency and high extinction ratio and broad spectral bandwidths, the designed novel reflective sandwiched connecting-layer-based PBS grating can satisfy plentiful photoelectric device.
